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Abstract 

Current recommendations suggest the use of positive end-expiratory pressures (PEEP) to assist very preterm infants to 
develop a functional residual capacity (PRC) and establish gas exchange at birth. However, maintaining a consistent PEEP is 
difficult and so the lungs are exposed to changing distending pressures after birth, which can affect respiratory function. 
Our aim was to determine how changing PEEP levels alters the distribution of ventilation within the lung. Preterm rabbit 
pups (28 days gestation) were delivered and mechanically ventilated with one of three strategies, whereby PEEP was 
changed in sequence; 0-5-10-5-0 cmH20, 5-10-0-5-0 cmH20 or 10-5-0-10-0 cmH20. Phase contrast X-ray imaging was used 
to analyse the distribution of ventilation in the upper left (UL), upper right (UR), lower left (LL) and lower right (LR) quadrants 
of the lung. Initiating ventilation with lOPEEP resulted in a uniform increase in PRC throughout the lung whereas initiating 
ventilation with 5PEEP or OPEEP preferentially aerated the UR than both lower quadrants (p<0.05). Consequently, the 
relative distribution of incoming Vj was preferentially directed into the lower lobes at low PEEP, primarily due to the loss of 
PRC in those lobes. Following ventilation at 1 OPEEP, the distribution of air at end-inflation was uniform across all quadrants 
and remained so regardless of the PEEP level. Uniform distribution of ventilation can be achieved by initiating ventilation 
with a high PEEP. After the lungs have aerated, small and stepped reductions in PEEP result in more uniform changes in 
ventilation. 
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Introduction 

The lungs of premature newborns are structurally and 
functionally immature and so have a greater tendency to collapse 
than the adult lung [1-3]. Specifically, the lung tissue is inelastic 
and the distal airways lack surfactant [4], which is required to 
reduce surface tension and promote uniform lung aeration [5,6]. 
In addition, as their chest walls are highly compliant [7], the 
premature newborn's ability to oppose lung recoil and maintain 
fimctional residual capacity (FRC) is reduced, which may 
contribute to a lower FRC [8]. 

Positive end-expiratory pressure (PEEP) and continuous positive 
airway pressure (CPAP) oppose lung atelectasis by applying an 
internal distending pressure on the airways, which keeps them 



aerated at end-expiration [9] . As a result, end-expiratory pressures 
improve FRC development, gas exchange, lung compliance and 
reduce lung injury and inflammation [9—1 1]. However, providing 
consistent end-expiratory pressure support in the delivery room 
can be difficult and changing levels often cannot be avoided. 
Indeed, face mask leak is common [12,13] and assisted ventilation 
is often interrupted by mask repositioning, suctioning or intuba- 
tion, which can rapidly decrease lung gas volumes [14]. Little is 
known about how these pressure changes alter the distribution of 
ventilation within the immature lung. 

In adults with a non-uniform pattern of acute respiratory 
distress syndrome (ARDS), increasing PEEP levels recruits lung 
volume preferentially in the apical lobes, which increases 
compliance to a greater extent in the apical than basal lobes 
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[15,16]. Similar observations have been made in children with 
ARDS [17] and a preference for the distribution of air into apical 
lung regions has also been observed in vertically positioned dead 
newborn fetal rabbits following consecutive pressure/volume loops 
applied using air [18]. At birth, as the immature lung lacks 
surfactant [4] and incompletely clears airway liquid [19], the 
resulting large regional differences in lung compliance likely 
contributes to the heterogenous ventilation commonly observed in 
preterm infants. Thus, it is likely that regional differences in lung 
compliance, which influence the distribution of ventilation within 
the lung at FRC, will likely [:hange with different PEEP levels. 

We have used phase contrast X-ray imaging [9,18-20] to 
examine how changing PEEP levels alter the distribution of 
ventilation within the lung in preterm rabbits ventilated from 
birth. We hypothesized that air wiU preferentially enter the apical 
lobes at low PEEP levels and that once apical regions have 
aerated, higher PEEP levels mainly affect the distribution of air 
towards the basal lobes of the lungs. 

Methods 

Animal Procedures 

Experiments were performed in the Biomedical Imaging Cc'ntrc 
at the SPring-8 synchrotron in Japan. All experim(-nts were 
approved by Animal Ethics Committees at SPring-8 in Japan and 
at the School of Biomedical Science, Monash University. Pregnant 
near-term New Zealand white rabbits (28 days of gestation; term 
— 32 days) were initially anaesthetised with propofol (Rapinovet; 
i.v.; 12 mg/kg bolus), intubated and then maintained by 
isoflourane inhalation (1.5-4%). Pups were delivered by caesarean 
section, sedated with pentobarbital (Nembutal; 0.1 mg, i.p.) and 
intubated with an endotracheal (ET) tube (18G). The ET tube was 
occluded to prevent spontaneous breathing before ventilation 
onset. Pups were positioned upright in a pre-warmed (40°C) 
water-filled, plethysmograph (head out) located in the path of the 
X-ray beam within the imaging hutch, as previously described 
[19,21]. The ET tube was connected to the ventilator. 

Mechanical Ventilation 

Pups were randomised into groups and ventilated with one of 
three PEEP strategies (Figure 1). 

Strategy A: The initial PEEP was set at 0 cmH20 and was 
changed to 5, to 10, to 5 and to 0 cmHaO (0-5-10-5-OPEEP). This 
strategy was designed to examine the effect of gradually increasing 
and decreasing PEEP on lung aeration and the distribution of 
ventilation. 

Strategy B: PEEP was initially set at 5 cmH20 and was then 
changed to 10, to 0, to 5 and to 0 cmHaO (5-10-0-5-OPEEP). This 
strategy was designed to examine the effect of PEEP recruitment 
(from 5 cmH20) on the distribution of ventilation and the ability 
of 5 cmHjO of PEEP to re-recruit the lung following a loss of 
PEEP. 

Strategy C: PEEP was initially set at 10 cmHgO and was then 
changed to 5, to 0 to 10 and to 0 cmHjO, (1 0-5-0- 10-OPEEP). 
This strategy was designed to assess the ability of an initial high 
PEEP strategy, followed by a normal PEEP level, to aerate the 
lung and to assess the ability of high PEEP to re-recruit the lung 
following a loss of PEEP. 

Phase contrast X-ray movies, found in the Supporting 
Information, demonstrate the effect of changing PEEP on lung 
aeration. Movie SI shows a representative example of Strategy A, 
Movie S2 is an example of Strategy B and Movie S3 is an example 
of Strategy C. Pups were ventilated at each PEEP until FRC and 
tidal volume (Vx) had reached a plateau; this required ~2-3 
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Figure 1. Diagram of ventilation Strategies A, B and C. 

Plethysmograph and ainway pressure recordings of pups that were 
ventilated from birth using each of the PEEP Strategies A, B or C. 
doi:1 0.1 371/journal.pone.0093391 .gOOl 

minutes. Pups were ventilated using a SAR-830/AP (CWE Inc, 
Ardmore, Pennsylvania, USA) flow restrictor ventilator, which 
utilises a pressure-limited system and a variable bias gas flow 
through the ventilator circuit; in this mode, the pressure wave is 
triangular in shape. The peak inflation pressure (PIP) was set at 35 
cmH^O and the PEEP was controlled by raising and lowering the 
expiratory tube outiet in a water-filled PEEP trap; i.e. submerging 
the tube 5 cm generated a PEEP of 5 cmH20. Inspiratory and 
expiratory times were 1.0 and 1.5 sec, respectively. Changes in 
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airway pressures were recorded digitally (Powerlab, ADInstru- 
ments; Sydney, Australia). At the conclusion of the experiment, 
pups were euthanized with sodium pentobarbital (Nembutal; 
100 mg/kg; i.p.). 

Image Acquisition 

Phase contrast images were acquired using a monochromatic X- 
ray beam (24 keV) with the detectors placed 2.0 m downstream 
from the pups (see [18]). X-rays were txjnverted to visible light and 
images acquired using an electron multiplying charge-coupled 
device (EMCCD) camera (Hamamatsu, C9 100-02). The eflFective 
pixel size was 31.82 Jim and the field of view was 32(H) x 32CV) 
mm^, whi[:h captured the entire pup's chest in a single exposure. 
Image acquisition was synchronised with ventilation whereby 
inflation onset triggered the camera to acquire a sequence of six 
images, 300 ms apart using an exposure time of 80 ms. Three 
images were acquired during inspiration and three during 
expiration. 

Image Processing and Analysis 

The first 4 lung inflations at the onset of lung ventilation and the 
4 inflations immediately preceding and following a change in 
PEEP were used for analysis. Regional lung air volumes were 
calculated using the image processing technirjue developed by 
[18]. This technique utilises differences in X-ray attenuation 
between air and water to determine changes in gas volume within 
the image. Despite the images being two-dimensional (2D) 
projections, this technique enables very small (25 |lL) changes in 
air volumes to be measured without having to reconstruct the 
three-dimensional (3D) structure using computed tomography 
[18]. 

To assess the uniformity of lung aeration, images were 
partitioned into quadrants using the vertebral column and the 
7* rib as landmarks [18]. The four rjuadrants were labelled upper 
right (UR), upper left (UL), lower right (LR) and lower left (LL) 
and are in reference to th(; image as observed. The position of the 
regions of interest was held constant within consecutive image by 
tracking the displacement of the skeleton for each pup using a 
cross-correlation analysis [18]. Volumetric information extracted 
from the lung quadrants were used to assess changes in the lung's 
regional functional residual capacity (FRC), \' i and air volumes at 
peak inspiratory pressure (Vpip). As the lung volume in each 
quadrant difiers between quadrants and between animals within 
the same quadrant, lung gas volumes (FRC, Vp and Vpjp) were 
normalised to the maximum lung gas volume obtained in each 
lung fjuadrant for each animal within a given imaging sequence. 
Regional dynamic lung compUance was measured as the change in 
lung volume in one quadrant divided by the change in airway 
pressure (PIP-PEEP). 

Statistical Analysis 

Statistical analysis was performed using Sigmastat (Systat 
software Inc., USA). Results were presented as mean ± standard 
error of the mean (SEM) and all data were checked for normality 
and tested for equal variance. Changes in the distribution of 
ventilation at FRC, and Vpjp were analysed using a 2-way 
repeated measures ANOVA. Changes in FRC and Vt in response 
to decreasing or increasing PEEP levels were analysed using a 2- 
way ANOVA. AU statistical tests were followed by a Tukey post 
hoc test. A p<0.05 was considered statistically significant. 



Results 

Animal data 

1 6 newborn preterm rabbit pups were ventilated from birth and 
the distribution of air within the lung determined using PC X-ray 
imaging. 6 pups were ventilated according to PEEP Strateg}' A, 5 
according to PEEP Strategy B and 5 according to PEEP Strategy 
C. There were no significant differences in mean pup weight 
between any of the groups (p>0.05) and no pups developed a 
pneumothorax. 

Lung air volume distribution between quadrants 

Irrespective of the strategy, the lower quadrants had signifi- 
cantly greater maximal lung air volumes (at end inflation) than the 
upper quadrants (p<0.05), which mainly reflects the size 
differences. The LR and LL quadrants were not significandy 
diflerent from each other (20.4±1.3 mL/kg vs 17.5±1.7 mL/kg, 
p>0.05) and the UR and UL were also not statistically different 
from each other (11.7±0.6 mL/kg vs 7.7±0.6 mL/kg, p>0.05). 

Changes in gas distribution: Strategy A 

Air distribution at FRC (Fig 2A). Ventilation with OPEEP 
initially resulted in poor aeration of the lung at FRC (<6%) in all 
quadrants and, although the air volume at FRC gradually 
increased with time, it was substantially less than with both other 
strategies by the end of the first \'entilation period (Strategy' B, 
Fig 3A and Strategv' C, Fig 4A). Furthermore, the relative increase 
in air volume was unequal and was significantly greater in the UR 
(28.2±7.3%) than in both LL (13.7±3.0%) and LR (10.3±1.9%) 
quadrants (p<0.05). Subsequent ventilation at 5PEEP, improved 
aeration in aU quadrants but the unequal distribution between 
quadrants at FRC remained. At 1 OPEEP, both upper quadrants 
remained better aerated at FRC than both lower quadrants (p< 
0.05). Following the return to OPEEP, only the UR quadrant was 
significandy better aerated than both lower quadrants (UR 
42.9+5.3% vs LR 29.1 ±5.5% and LL 26.1 ±5.2%, p<0.05). 

Distribution of incoming Vx (Fig 2B). Following initial 
lung aeration with OPEEP, ventilation with 5PEEP and then with 
1 OPEEP did not alter the size of the incoming Vt, which 
contributed to 20-30% of total lung air volumes at end-inflation 
(Vpip). However, by the end of the 1 OPEEP period, the lower 
quadrants started to receive a significandy (p<0.05) greater 
proportion of this volume than the upper quadrants. With the 
onset of subsequent 5PEEP ventilation, both lower quadrants 
persisted in receiving a significantly larger proportion of the 
incoming V, than both upper quadrants (~43% vs ~30yo; p< 
0.05). This non-uniform distribution of incoming Vx persisted 
during the subsequent 5PEEP and OPEEP periods, despite a 
significant increase in Vt. 

Air distribution at end-inflation (Vpip) (Fig 2c). At the 
initiation of ventilation with OPEEP, the distribution of air in the 
lung at VpiP was preferentially directed towards both upper 
quadrants. By the end of the OPEEP period, the proportion of air 
in the upper quadrants at Vpip (range 43-54% of maximal lung 
gas volume) was significandy greater than the lower quadrants 
(~33% of maximal lung gas volume; p<0.05). During the 
subsequent 1 OPEEP ventilation period, when the lung had fully 
aerated, all quadrants were similarly ventilated at Vpip (>90%, 
p>0.05) and remained so for the rest of the experiment. 

Changes in ventilation distribution: Strategy B 

Air distribution at FRC (Fig 3A). During ventilation at 
5PEEP and then at 1 OPEEP, the distribution of air in the lungs at 
FRC was greater in both upper than in both lower quadrants (p< 
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Figure 2. Changes in FRC, Vt and Vpip during ventilation witii Strategy A. Distribution of ventilation (A) at functional residual capacity (FRC), 
(B) of the incoming tidal volume (Vj) and (C) volume at peak inflation pressure (Vpip) in the upper right (open triangles), upper left (closed triangles), 
lower right (open circles) and lower left (closed circles) regions of the lung during ventilation with Strategy A. Asterisks (*) indicate that UR quadrant is 
significantly different to the lower quadrants. Double asterisks (**) indicate that the upper quadrants are significantly different to the lower 
quadrants. Values are significantly different if p<0.05. Lower case letters (w-z) correspond to when phase contrast X-ray images of lung aeration at 
FRC and at Vpip were acquired. 
doi:10.1371/journal.pone.0093391.g002 



0.05). Reducing PEEP to OPEEP increased tlie air volumes in the 
UR quadrant at FRC and reduced the amount in the LL quadrant 
(UR 36.3±5.1% and UL 30.6±3.6% vs LL 18.7±3.9% and LR 
24.8±5.0%; p<0.05). This non-uniform distribution of air in the 
lungs at FRC persisted during the remainder of the experimental 
period; relative air volumes in the UR and LL quadrants at FRC 
remained greater and lower, respectively, than the other quadrants 
(p<0.05). 

Distribution of incoming Vt (Fig 3B). Initially at 5PEEP, 
the distribution of incoming air with each inflation was relatively 
even across all quadrants, increasing from ~10% to 30% of total 
volume at end-inspiration. However, following ventilation at 
1 OPEEP, decreasing the PEEP to OPEEP resulted in a significantly 
smaller proportion of the Vx entering the UR quadrant (p<0.05), 
compared with the other quadrants, despite the UR quadrant 
having the highest proportional air volume at FRC. This indicates 
that some airway closure and gas trapping may have resulted from 
the sudden reduction in PEEP. Importantiy, subsequent ventila- 
tion at 5PEEP did not alter this pattern, with the majority of 
incoming Vp being distributed towards the lower quadrants 
(-44%; p<0.05) rather than upper quadrants (-30%). 

Air distribution at Vpip (Fig 3C). During the initial 5PEEP 
and 1 OPEEP recruitment periods, the distribution of air in the lung 
at Vpip predominantly occurred in the upper quadrants, whereas 
the LL quadrant aerated the least (p<0.05). Following ventilation 
at 1 OPEEP, all quadrants were similarly aerated at Vpip and 



subsequent PEEP changes maintained this uniform distribution of 
air (p>0.05). 

Changes in ventilation distribution: Strategy C 

Air distribution at FRC (Fig 4A) . Initiating ventilation with 
1 OPEEP rapidly increased FRC and this air was uniformly 
distributed across all 4 quadrants of the lung (p<0.05). Decreasing 
the PEEP to 5PEEP, significantly decreased relative air volumes at 
FRC within the lower quadrants compared with the UR quadrant, 
which did not change (p<0.05). When PEEP was decreased 
further to OPEEP, the air volume at FRC in all quadrants rapidly 
decreased, but the retention of air in the UR quadrant was better 
than in all other quadrants (p<0.05). This pattern of non-uniform 
air distribution at FRC was abolished by subsequent ventilation 
with 1 OPEEP, but returned during the second period of ventilation 
with OPEEP. 

Distribution of incoming Vt (Fig 4B). Initiating ventilation 
at birth with 1 OPEEP resulted in a relatively uniform distribution 
of the Vt across all quadrants (p>0.05). Reducing PEEP to 
5PEEP increased Vt in all quadrants, but there was less Vt 
entering the UR compared to the lower quadrants (p<0.05); the 
UL was not significandy dilferent to any quadrant (p>0.05). This 
non-uniform pattern of incoming Vt distribution was also 
observed during both OPEEP ventilation periods but was not 
observed at the end of the second 1 OPEEP ventilation period. 
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Figure 3. Changes in FRC, Vt and Vpip during ventilation with Strategy B. Distribution of ventilation (A) at functional residual capacity (FRC), 
(B) of the incoming tidal volume (Vj) and (C) volume at peak inflation pressure (Vpip) in the upper right (open triangles), upper left (closed triangles), 
lower right (open circles) and lower left (closed circles) regions of the lung during ventilation with Strategy B. Asterisks (*) indicate that UR quadrant is 
significantly different to the lower quadrants. Double asterisks (**) indicate that the upper quadrants are significantly different to the lower 
quadrants. Daggers (f) indicate that UR quadrant is significantly different to all other quadrants. Section symbol (§) indicates that the LL quadrant is 
significantly different to all other quadrants. Values are significantly different if p<0.05. Lower case letters (w-z) correspond to when phase contrast X- 
ray images of lung aeration at FRC and at Vpip were acquired. 
doi:1 0.1 371 /journal.pone.0093391 .g003 



During this time, tlie distribution of Vt was again relatively 
uniform across all quadrants (p>0.05). 

Air distribution at Vpip (Fig 4C). Ventilation with lOPEEP 
rapidly increased lung air volumes at Vpip, which were remarkably 
uniform across all 4 quadrants. Importantly, this uniform 
distribution of air between quadrants at Vpip persisted even 
during both periods of ventilation with OPEEP, indicating that the 
initial ventilation with 1 OPEEP has persisting benefits on the 
uniformity of ventilation at Vpip. 

Vj and FRC changes in response to decreasing PEEP in a 
ventilated lung 

During ventilation strategies A and B, decreasing the PEEP by 5 
cmHjO steps to OPEEP, (ie from 10 to 5 to OPEEP during Strategy 
A or from 5 to OPEEP during Strategy B) caused a small reduction 
in FRC and an increase in Vt, with the relative changes in both 
Vx and FRC being similar in all quadrants (Fig 5). In contrast, a 
large and continuous decrease in PEEP (ie from 10 to OPEEP 
during Strategy C), resulted in changes in Vt and FRC that were 
not evenly distributed across all quadrants. Indeed, compared to 
PEEP reductions of only 5cmH20, continuous PEEP reductions of 
1 0cmH2O caused larger reductions in FRC and increases in Vt in 
both lower quadrants (p<0.05; Fig. 5). For instance in the LL 
quadrant the increase in Vt was markedly greater following the 



change from 10 to OPEEP compared with the 10-5-OPEEP change 
(42.8±3.9% vs 31.1 ±5.5%, p<0.05, Fig. 6A). 

Changes in regional dynamic lung compliance (CJ 

During all PEEP strategies, dynamic lung compliance was 
higher in the lower than in the upper quadrants, primarily due to 
size differences between quadrants, and increased with increasing 
lung aeration. However, this increase was markedly greater in 
pups that commenced ventilation with PEEP. The gradual time- 
related increase in dynamic lung compliance for all strategies was 
associated with both increasing and decreasing PEEP levels (Fig 6). 
Initiating ventilation with either 5 or 1 OPEEP resulted in much 
greater lung compliances, particularly in the lower lobes, 
irrespective of the PEEP level. Indeed, at the midway point of 
the experiment, when pups in strategy A were ventilated with 
1 OPEEP and pups in both other strategies were ventilated with 
OPEEP, dynamic compliances were markedly higher in all 
quadrants in pups ventilated with Strategies B and C, compared 
to Strategy A. Similarly, during the last ventilation phase, when all 
pups were ventilated with OPEEP, dynamic lung compliances were 
higher if ventilation commenced with PEEP, particularly within 
both lower quadrants. 
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Figure 4. Changes in FRC, Vt and Vpip during ventilation with Strategy C. Distribution of ventilation (A) at functional residual capacity (FRC), 
(B) of the incoming tidal volume (Vj) and (C) volume at peak inflation pressure (Vpip) in the upper right (open triangles), upper left (closed triangles), 
lower right (open circles) and lower left (closed circles) regions of the lung during ventilation with Strategy C. Asterisks (*) indicate that UR quadrant is 
significantly different to the lower quadrants. Double asterisks (**) indicate that the upper quadrants are significantly different to the lower 
quadrants. Daggers (t) indicate that UR quadrant is different to all other quadrants. Values are significantly different if p<0.05. Lower case letters (w- 
z) correspond to when phase contrast X-ray images of lung aeration at FRC and at Vpip were acquired. 
doi:1 0.1 371/journal.pone.0093391 .g004 



Discussion 

Our findings indicate that ventilating preterm rabbits with 
different and changing PEEP levels markedly effects the distribu- 
tion of ventilation within the lung and on lung compliance during 
the immediate newborn period. We have used the quantitative 
capability [18] and high spatial resolution of phase contrast X-ray 
imaging to measure the distribution of air in the lung at both FRC 
and end-inspiration (V pip) as well as the relative distribution of the 
incoming Vt with each inflation. We found that, in preterm rabbit 
pups, changes in PEEP rapidly changed the distribution of air in 
the lung at FRC and the relative spatial distribution of the 
incoming Vx- Initiating ventilation at birth with OPEEP, not only 
resulted in the lowest air volumes in all quadrants, the relative 
distribution of air between quadrants was not uniform, resulting in 
a significantly greater distribution of air towards the upper 
compared to the lower quadrants at FRC. Importantly, this 
unequal distribution of air at FRC persisted throughout the 
experiment even after subsequent ventilation at 5 and 1 OPEEP. 
Similarly, although initiating ventilation with 5PEEP increased 
lung air volumes compared to OPEEP, the relative distribution of 
air was again unequal, being significantly greater in the upper 
compared to the lower quadrants, and persisted throughout the 
experimental period, even after ventilation with 1 OPEEP. In 
contrast, initiating ventilation with 1 OPEEP resulted in rapid FRC 
accumulation, which was uniformly distributed across all quad- 



rants at both FRC and Vpip. Although subsequent ventilation with 
,5PEEP and OPEEP resulted in the preferential distribution of air 
into the upper quadrants at FRC, the distribution of air at Vpip 
remained remarkably uniform across aU quadrants. As a result, 
during ventilation with 5 and OPEEP in this group, the incoming 
Vt was preferentially directed into the lower lung quadrants. 
These data indicate that initiating ventilation at birth with higher 
PEEP levels has effects on the distribution of ventilation in the lung 
at both FRC and Vpip that temporarily persist even at different 
subsequent PEEP levels. 

The immature lung is prone to collapse at end-expiration 
because of its low tissue compliance, high surface tension and a 
highly compliant chest wall. PEEP or CPAP can prevent 
atelectasis by acting as an internal "splint" to promote FRC 
maintenance (see [21-24]. Our results also demonstrate that 
initiating ventilation with high PEEP levels (i.e. 1 OPEEP) 
promoted uniform air distribution at both FRC and Vpip 
(Fig. 4A) whereas lower PEEPs demonstrated a more non-uniform 
air distribution, with lower quadrants less ventilated than upper 
quadrants (Fig. 2 A and 3A). It is possible that the momentum of 
deflating lung tissue during expiration influences the distribution of 
air in the lung at FRC. As momentum is the product of an object's 
mass and velocity, the larger mass of lung tissue in the lower 
quadrants may generate greater momentum during expiration and 
be more prone to collapse than the upper quadrants, which have a 
smaller mass. Thus, medium PEEP levels (5PEEP) are able to 
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Figure 5. Changes in Vt and FRC during decreasing PEEP. The 

increase in tidal volume (Vj) and decrease in functional residual capacity 
(FRC) when positive end-expiratory pressure (PEEP) is decreased in 5 
cmHjO stepwise decrements (10-5-OPEEP), large steps (10-OPEEP) and 
from a small step (5-OPEEP) in the ventilated lung. Asterisks (*) indicate 
that values during 5-OPEEP are significantly different to their 
corresponding quadrant during 10-5-OPEEP and 10-OPEEP. Double 
asterisks (**) indicate that values during 10-5-OPEEP are significantly 
different to their corresponding quadrant during 10-OPEEP. Daggers (t) 
indicate that values during 5-OPEEP are significantly different to their 
corresponding quadrant during 10-OPEEP. Values are significantly 
different if p<0.05. There was no significant difference between 
quadrants within any group. 
doi:1 0.1 371 /journal.pone.0093391 .g005 

oppose lung collapse in the upper lung quadrants, which have a 
smaller mass, whereas higher PEEP levels are required to oppose 
lung collapse in regions with a greater mass. Alternatively, regional 
diEFerences in chest wall compliance, with the upper chest being 
less compliant, may account for the regional difference.s in FRC 
across the lung. 

The persisting effects that the initial PEEP level had on the 
distribution of air within the lung at FRC during the experiment, 
despite subsequent changes in PEEP, are difficult to explain. 
When ventilation was initiated with 0 or 5PEEP, the non-uniform 
distribution of air at FRC persisted at all PEEP levels throughout 
the experiment, even during ventilation with lOPEEP. However, 
when ventilation was initiated with 1 OPEEP, the distribution of air 
at FRC was uniform and although the uniformity decreased with 
decreasing PEEP, it was restored by ventilation with 1 OPEEP. This 
indicates that the initial distribution of lung aeration may define 
the subsequent mechanical behaviour of localised lung regions, 
with regions that do not initially aerate persisting with lower 
compliances and lower air volumes at FRC no matter what the 
subsequent PEEP setting. Further studies are required to 
determine whether this effect PEEP extends for longer than the 
duration of this experiment. 

In contrast to many studies that investigate the distribution of 
lung ventilation in supine patients [15-17,25,26], our study 



imaged newborn rabbit pups positioned upright in a water-fiUed 
plethysmograph. It is possible that the upright positioning of the 
pups during ventilation contributed to the greater distribution of 
air in the upper compared to the lower quadrants, although we 
would expect this to have been more apparent if the pups were 
supine due to the effect of the abdominal contents pushing the 
diaphragm. In this experiment, the overall influence of gravity on 
the lung is likely to be minimal as the pups were ventilated whilst 
suspended in a water-filled plethysmograph. This alleviates the 
weight of the more vertical lungs regions and the heart on the 
lower regions thus reducing the dependent/non-dependent lung 
effect. It also removes the influence of the abdominal contents and 
the upward displacement of the diaphragm on the lung that would 
occur if the pup were positioned horizontally. As such, the position 
of the pup is not expected to significantly influence the distribution 
of ventilation. As neonates are normally positioned supine or 
prone, the non-uniform ventilation distributions we observed may 
exist and be amplified in infants. Ventilation heterogeneity would 
be expected due to the effects of gravity between non-dependent 
and dependent lung regions [17,25] and the pressure applied by 
abdominal contents on the diaphragm, which displaces it into the 
thorax. Ventilation inhomogeneity has been observed in ventilated 
infants lying supine, prone and quarter prone, but the authors 
suggest that ventilation distribution is minimally impacted by 
gravity [26]. 

Previous studies have cautioned against the use of high PEEP 
levels because it can reduce pulmonary blood flow (PBF) [27,28], 
overexpand alveoli and increase the risk of lung injury [29]. As 
such, PEEP levels as high as 10 cmH20 are not recommended for 
neonates, but in those studies, the newborn lungs were aerated 
before the high PEEP level was applied. Thus, it is not known 
whether high PEEP levels during lung aeration at birth cause 
similar effects. A recent study has shown that an initial sustained 
inflation of ~ 1 mill (to 35 cmHjO) induces a greater increase in 
PBF than conventional ventilation [30]. This indicates that a 
sustained increase in airway pressure during lung aeration does not 
have the same negative impact on PBF as it does once the lung has 
aerated. In our study, none of the rabbit pups developed a 
pneumothorax, despite appearing maximally aerated at Vpip 
during ventilation with 1 OPEEP (see Movies S1-S3, during the 
period of 1 OPEEP ventilation). More specifically, when ventilation 
commenced with 1 OPEEP, the lungs did not maximally aerate at 
Vpip during the initial 1 OPEEP period. This suggests that the lungs 
were not over-expanded, either globally or in any one region by 
initiating ventilation with a temporary period of 1 OPEEP. 
Furthermore, a short period of ventilation with 1 OPEEP at birth 
was found to confer considerable benefit resulting in a remarkably 
uniform distribution of air across the lung during subsequent 
ventilation. While there are more familiar methods to promote 
uniform lung ventilation at birth, such as sustained inflations [23] 
and prophylactic surfactant [5], initial ventilation with a high 
PEEP level may be a more practical alternative. 

There are many studies demonstrating multiple advantages of 
PEEP/CPAP on lung aeration and gas exchange in newborns, 
however, it is difficult to deliver these pressures uninterrupted in 
the delivery room. Not all positive pressure ventilation devices 
deliver a set PEEP reliably [31,32] and face mask leak is common 
[33] and if large (>60%) substantially reduces the effective PEEP 
level [12]. Our results suggest that if the loss of PEEP is gradual 
(i.e. 10-5-OPEEP), or if the reduction in PEEP is smaU (i.e. 5- 
OPEEP), the changes in Vt and FRC are relatively uniform 
throughout the lung. (Fig. 5). However, large and continuous 
reductions in PEEP (i.e. 10-OPEEP) caused large changes in Vt 
and FRC predominantly within in the lower lung quadrants 
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(Fig. 5). In the delivery room, respiratory support is often 
interrupted to reposition the facemask, perform suction, to change 
mask size, to change the interface for transport and during transfer 
of the infant to a transportation crib. Previous studies in preterm 
infants at 7 days of postnatal age have shown that such a rapid 
reduction in PEEP reduces FRC by as much as 30% within a 
minute of removing the PEEP [34]. Based on our results, sudden 
and large losses in PEEP would alter the distribution of ventilation 
within the lungs, causing marked reductions in FRC and greater 
Vt changes in the dependent lobes thereby increasing the risk of 
shear stress injury in these regions. While such interruptions in 
respiratory support are often necessary, the risks could be 
minimised by 1) reducing the PEEP gradually and 2) reducing 
the size of the dependent lung by placing the infant on its side, 
preferably the left. 

It is unclear why the degree of continuous PEEP decrease 
affected the distribution of air at FRC and the incoming Vt, as the 
total changes in lung air volumes at OPEEP were the same between 
10-OPEEP and 10-5-OPEEP (data not shown). It is unlikely to be 
due to the rate of PEEP decrease, because the maximum rate of 
PEEP decrease was ~ 1 cmH20 per inflation, such that a 5 
cmHjO decrease required ~5 inflations and a 10 cmH20 
decrease required ~10 inflations. It is possible that a large 
continuous decrease in PEEP generates momentum within the 
lung tissue, particularly in the lower quadrants with larger masses, 
resulting in larger decreases in FRC with each expiration. 



However, when the decrease in PEEP was interrupted by a 
period of ventilation at 5PEEP, the distribution of ventilation 
between quadrants remained relatively even despite the reduction 
to OPEEP, again indicating that previous PEEP history can impact 
on the distribution of ventilation within the lung. 

It is likely that the lower lung quadrants had greater volume 
changes in response to changes in PEEP because these lung 
regions are larger and are thus more compliant (Fig. 6). It may 
appear counter intuitive that dynamic lung compliance in all 
quadrants gradually increased during ventilation with both an 
increasing (Strategy A) and decreasing (Strategy B) PEEP strategy. 
Increasing PEEP and PEEP recruitment strategies are known to 
increase lung compliance by allowing tidal expansion to occur 
within a more compliant region of the pressure volume curve 
[11,35]. However, these pups were premature and surfactant 
deficient and the initial dynamic compliance measurements are 
dominated by the presence of airway liquid, which increases 
airway resistance ~100 fold [20]. Thus, the gradual increase in 
lung compliance mainly reflects the gradual increase in lung 
aeration. As such, our findings indicate that the presence of airway 
liquid is the dominant determinant of dynamic lung compliance 
during lung aeration. However, following complete lung aeration 
(usually after ventilation with 1 OPEEP), increasing PEEP from 
OPEEP (Strategies B (& C) mostly reduced measures of dynamic 
lung compliance, whereas decreasing PEEP to OPEEP increased 
dynamic lung compliance. Furthermore, during the final OPEEP 
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ventilation period in all strategies, regional lung compliance, 
particularly in the lower quadrants, was markedly greater if 
ventilation had commenced with PEEP (either 5 or 10 cmHgO) 
compared with OPEEP. Although the mechanism is unknown, our 
study demonstrates that initiating ventilation with PEEP effects 
subsequent ventilation. These effects were obserx^ed for 10 minutes 
in our experiment but, as lung aeration continues to increase, these 
affects wiU likely persist beyond the experimental period. 

After the lungs had fully aerated (ie after ventilation with 
1 OPEEP in all strategies), as all pups were ventilated with a set PIP 
of 35 cmH20, the air volumes and the distribution of air at Vpjp 
remained relatively stable at all subsequent PEEP levels. Thus, 
although Vpip tended to decrease at OPEEP, the increase and 
decrease in Vt associated with decreases and increases in PEEP, 
respectively, mainly resulted from decreases and increases in PRC. 
This indicates that the effect of PEEP on the pressure-volume (P- 
V) relationship of the aerating lung immediately after birth is 
substantially different than it is following complete lung aeration. 
We found that altering the PEEP level had litde or no effect on 
lung air volumes at Vpip, resulting in a lower Vt when the PRC 
increased in response to a higher PEEP. How this effects CO2 
clearance is unclear as, although Vt is reduced which would 
normally increase CO2 retention, our previous study has shown 
that Vpip is a primary determinant of CO2 clearance during lung 
aeration [36]. 

At birth, as the lungs make their transition from a liquid-filled to 
an air-filled organ, changes in PEEP have a marked influence on 
the distribution of ventilation. Our results demonstrate that when 
initiating ventilation at birth, the uniformit}' of ventilation depends 
on the level of PEEP, with higher PEEPs promoting more uniform 
ventilation. As such, it is possible that starting infant resuscitation 
with higher PEEP levels and then gradually reducing the PEEP to 

References 

1. Hooper SB, Harding R (2005) Role of aeration in lire physiologieal adaptation of 
the Inng to air-breathing at birth. Current Re.spiratorv Medieine Reviews 1: 
185-195. 

2. tc Pas AB, Davis PG, Kamlin CO, Dawson J, O'Donnell CP, et al. (2008) 
Spontaneous breathing patterns of ver^' preterm infants treated with continuous 
positive airway pressure at birth. Pediatric Research 64: 281-285. 

3. MortolaJP (1984) Breathing pattern in newborns. J Appl Physiol 56: 1533-1540. 

4. Jobe AH, Ikegami M (2000) Lung development and function in preterm infants 
in the surfactant treatment era. AnnuRevPhysiol 62 825-846. 

5. Siew ML, te Pas AB, WaUace MJ, Kitchen MJ, Islam M, et al. (201 1) Surfactant 
increases the uniformity of lung aeration at birth in ventilated preterm rabbits. 
Pediatr Res 70: 50-55. 

6. Enhorning G, Robertson B, Milne E, Wagner R (1975) Radiologic evaluation of 
the premature newborn rabbit alter pharyngeal deposition of surfactant. 
Am J Obstet Gynecol 121: 475-480. 

7. Gerhardt T, Banealari E (1980) Chestwall compliance in full-term and 
premature infants. Acta Paediatrica Scandinavica 69: 359—364. 

8. HjaJmarson O, Sandberg K (2002) Abnormal lung fiinction in healthy preterm 
infants. AmJ Respir Crit Care Med 165: 83-87. 

9. Siew ML, te Pas AB, WaUace MJ, Kitchen MJ, Lewis RA, et al. (2009) Positive 
end expiratory pressure enhances development of a functional residual capacity 
in preterm rabbits ventilated from birth. J Appl Physiol 106: 1487-1493. 

10. Probyn ME, Hooper SB, Dargaville PA, McCallion N, Crossley K, et al. (2004) 
Positive end expiratory pressure during resuscitation of premature lambs rapidly 
improves blood gases without adversely affecting arterial pressure. Pediatric 
Research 56: 198-204. 

1 1. Nilsson R, (irossmann Ci, Robertson B (1980) Artificial ventilation of premature 
newborn rabbits: effects of positive end-cxpiratory pressure on lung mechanics 
and lung morphology. Acta Paediatrica Scandinavica 69: 597-602. 

12. te Pas AB, Schileman K, Klein M, Witlox RS, Morley GJ, et al. (201 1) Low 
versus high gas flow rate for respiratory support of infants at birth: a manikin 
study. Neonatology 99: 266-271. 

13. Schilleman K, Schmolzer GM, Kamlin OC, Morley CJ, te Pas AB, et al. (20 11) 
Changing gas flow during neonatal resuscitation: a manikin study. Resuscitation 
82: 920-924. 

14. Tingay DG, Copnell B, CJrant CA, Dargaville PA, Dunster KR, et al. (2010) 
The effect of endotracheal suction on regional tidal ventilation and end- 
expiratory lung volume. Intensive Care Med 36: 888-896. 



currently recommended levels after a few minutes may increase 
the distribution of ventilation in preterm infants. Furthermore, 
after the lungs were fully aerated, larger continuous changes in 
PEEP reduced ventilation within the lower lung quadrants to a 
greater extent than in the upper lung quadrants. Since providing 
consistent assisted ventilation at birth is difEcuIt, due to face mask 
leak or the need to temporarily remove pressure support, it is 
important to acknowledge that changes in PEEP, even brief, are 
not without impact on lung volumes and ventilation distribution 
that can persist. These effects may impair gas exchange or increase 
the risk of lung damage. 

Supporting Information 

Movie SI Phase contrast X-ray movie of a preterm 
rabbit pup ventilated with Strategy A (0-5-10-5-lOPEEP). 

(AVI) 

Movie S2 Phase contrast X-ray movie of a preterm 
rabbit pup ventilated with Strategy B (5-10-0-5-OPEEP). 

(AVI) 

Movie S3 Phase contrast X-ray movie of a preterm 
rabbit pup ventilated with Strategy C (10-5-0-10-OPEEP). 

(AVI) 

Author Contributions 

Conceived and designed the experiments: ABtP SBH MJK MLS. 
Performed the experiments: MJK MLS MJW AF RAL NY KU ABtP 
SBH. Analyzed the data: MJK MLS. Contributed reagents/materials/ 
analysis tools: MJK. Wrote the paper: MJK MLS ABtP SBH MJW AF 
RALNYKU. 



15. Puybasset L, Gusman P, MuUer JC, Cluzel P, Coriat P, et al. (2000) Regional 
distribution of gas and tissue in acute respiratory distress syndrome. III. 
Consequences for the effects of positive end-expiratory pressure. Intensive Care 
Medicine 26: 1215-1227. 

16. Nieszkowska A, Lu Q, Vieira S, Elman M, Fetita C, et al. (2004) Incidence and 
regional distribution of lung overinflation during mechanical ventilation with 
positive end-expiratory pressure. Critical Care Medicine 32: 1496-1503. 

17. Wolf GK, Grychtol B, Frerichs I, van Genderingen HR, Zurakowski D, et al. 
(2007) Regional lung volume changes in children with acute respiratory distress 
syndrome during a dereeruitment maneuver. Crit Care Med 35: 1972-1978. 

18. Kitchen MJ, Lewis RA, Morgan MJ, Wallace MJ, Siew MLL, et al. (2008) 
Dynamic measures of lung air volume using phase contrast X-ray imaging. Phys 
Med Biol 53: 6065-6077. 

19. Hooper SB, Kitchen MJ, WaUace MJ, Yagi N, Uesugi K, et al. (2007) Imaging 
lung aeration and lung liquid clearance at birth. FASEB J 21: 3329-3337. 

20. te Pas AB, Siew M, Wallace MJ, Kitchen MJ, Fouras A, et al. (2009) Effect of 
sustained inflation length on establishing functional residual capacity at birth in 
ventilated premature rabbits. Pediatric Research 66: 29,5-300. 

21. Siew ML, Wallace MJ, Kitchen MJ, Lewis RA, Fouras A, et al. (2009) 
Inspiration regulates the rate and temporal pattern of lung licjuid clearance and 
lung aeration at birth. J Appl Physiol 106: 1888-1895. 

22. Dinger J, Topfer A, Schaller P, Schwarze R (2001) Effect of positive end 
expiratory pressure on fiinctional residual capacity and compliance in surfactant- 
treated preterm infants. Journal of Perinatal Medicine 29: 137-143. 

23. te Pas AB, Siew M, WaUace MJ, Kitchen MJ, Fouras A, et al. (2009) Establishing 
functional residual capacity at birth: the effect of sustained inflation and positive 
end expiratory pressure in a preterm rabbit model. Pediatr Res 65: 537—541. 

24. Thome U, Topfer A, Schaller P, Pohlandt F (1998) The effect of positive 
endexpiratory pressure, peak inspiratory pressure, and inspiratory time on 
functional residual capacity in mechanically ventilated preterm infants. 
European Journal of Pediatrics 157: 831—837. 

25. Frerichs I, Schiffmann H, Ochlcr R, Dudykc\/yeh T. Hahn G. et al. (2003) 
Distribution of lung ventilation in spontaneously breathing neonates lying in 
different body positions. Intensive Care Med 29: 787-794. 

26. Hough JL, Johnston L, Brauer S, Woodgate P, Schibler A (2013) Effect of body 
position on ventilation distribution in ventilated preterm infants. Pediatr Crit 
Care Med 14: 171-177. 

27. Polglase GR, Morley CJ, Crossley KJ, DargavUle P, Harding R, et al. (2005) 
Positive end-expiratory pressure differentiaUy alters pulmonary hemodynamics 



PLOS ONE I www.plosone.org 



9 



April 2014 | Volume 9 | Issue 4 | e93391 



Change in PEEP Alter Lung Ventilation Distribution 



and oxygenation in ventilated, very premature lambs. J ApplPhysiol 99: 1453— 
1461. 

28. ScUessel JS, Susskind H Joel DD, Bossuyt A, Harrold WH, et al. (1989) Effect 
of PEEP on regional ventilation and perfusion in the mechanically ventilated 
preterm lamb. JNucMed 30: 1342-1350. 

29. Naik AS, KaUapur SG, Bachurski GJ, Jobe AH, Michna J, et al. (200 1) Effects of 
ventilation with different positive end-expiratory pressures on cytokine 
expression in the preterm lamb lung. AmJRespirGrit Care Med 164: 494—498. 

30. Sobotka KS, Hooper SB, Allison BJ, Pas ABT, Davis PG, et al. (201 1) An Initial 
Sustained Inflation Improves the Respirator^' and Cardiovascular Transition at 
Birtli in Preterm Lamlis. Pediatric Research 70: ,56-60. 

31. Dawson JA, Cerlier A, Kamlin COP, Davis VG, Morley CJ (2011) Providing 
PEEP during neonatal resuscitation: Which device is best? Journal of Paediatrics 
and Child Health 47: 698-703. 



32. Morley CJ, Dawson JA, Stewart MJ, Hussain Y, Davis PG (2010) The effect of a 
PEEP valve on a Laerdal neonatal self-inilating resuscitation bag. Journal of 
Paediatrics and Child Health 46: 51-56. 

33. Schmolzer GM, Kamlin OC, O'Donnell CP, Dawson JA, Morley CJ, et al. 
(2010) Assessment of tidal volume and gas leak during mask ventilation of 
preterm infants in the dehvery room. ArchDisChildFetal Neonatal Ed 95: F393- 
F397. 

34. Vilstrup CT, Bjorklund Lj. Laisson A, Lachniann B, Werner () (1992) 
Punetioiial residual capacity and \'entilation homogeneity in mechanically 
ventilated small neonates. JApplPhysiol 73: 276—283. 

35. Kelly E, Bryan H, Possmaycr E, Frndova H, Bryan C (1993) Comphancc of the 
respiratory system in newborn infants pre- and postsurfactant replacement 
therapy. Pediatric Pulmonology 15: 225-230. 

36. Hooper SB, Fouras A, Slew ML, Wallace MJ, Kitchen MJ, et al. (2013) Expired 
C02 levels indicate degree of lung aeration at birth. PLoS One 8: e70895. 



PLCS ONE I www.plosone.org 



10 



April 2014 | Volume 9 | Issue 4 | e93391 



